The lateral force interaction between a permanent bar magnet and a large slab of high T, superconductor has been investigated at 77 K, under conditions of a constant vertical separation of 2 mm. The restoring force as a function of lateral displacement rises very steeply, and reaches 90% of its saturation value, 5.1 mN, after 1.8 mm. The profile of the force-displacement curve is in qualitative agreement with the existing theory. A significant quantitative discrepancy is interpreted as due to a theoretical penetration depth exceeding the sample thickness. The lateral magnetic stiffness or spring constant, is found to be independent of displacement away from lateral equilibrium.
The levitation of a permanent magnet above a superdisk of YBa$usO, is placed on a block of aluminum in a conductor is classically explained as a consequence of the polystyrene container filled with liquid nitrogen. The top perfect diamagnetism possessed by the superconducting surface of the sample is aligned with the horizontal plane. material. Surface currents are induced so that the external
The container rests on an electrically movable table. A step magnetic field is expelled from the interior of the sample motor can displace the sample 1.25 pm per step in the (Meissner effect). When this repelling interaction balances lateral x direction. The table can also be lifted vertically by the weight of the magnet it can levitate. a manual micrometer. The discovery of the high T, oxide superconductors has made it possible to study the forces acting on a levitating magnet quite conveniently at liquid-nitrogen temperature. During the last few years numerous articles have reported experiments that address this subject. A majority of these investigations has been concerned with the levitating component of the force. '" The quantitative results of these experiments show that the image dipole interaction, which is expected from the Meissner effect alone, does not fully describe the observed behavior. This is interpreted as due to partial flux penetration and pinning, i.e., type-II behavior of the ceramic superconductors.
A Nd-Fe-B permanent magnet, M, is attached to the lower end of a quartz rod, which is free to move as a RAZOR BLADE PHOTO DIODE + An even stronger manifestation of the flux pinning in these materials is the considerable lateral stability of the levitating magnet. In fact, a diamagnetic planar disk of finite size will not be able to provide such stability at a11.7 Since most thinkable applications of the levitation phenomenon will rely on this lateral stability, it is important to understand the underlying physical mechanisms. Until very recently, a theory for the origin and magnitude of the restoring lateral force did not exist for type-II materials. Now, a detailed calculation of this force has been presented by Davis.' Q Experimentally, only very few attempts have been made to reveal the behavior of the lateral interaction. "' In order to render a proper theoretical analysis, such experiments should be performed with constant vertical separation between the magnet and the superconducting slab. Moreover, the sample should be large enough to avoid finite size effects. In this communication we report high-resolution measurements of the static lateral force and also dynamic stiffness as function of lateral displacement. Direct comparison with theory will be made.
We have used an apparatus shown in Fig. 1 . A planar vertical planar pendulum. The horizontal position of the magnet is detected by a photodiode placed in the focus of a laser beam that is partly intersected by the pendulum, When the sample is in the superconducting state we observe that as it is moved laterally, the interaction causes the magnet to follow. In order to measure this force, F,, we insist on keeping the diode signal constant, Le., fix the magnet's position while the sample is displaced. For this purpose a balancing force, F;, is generated by applying a field gradient to a second small permanent magnet, &P, attached near the center of the rod. At balance, Fk will be proportional to the current, 1, supplied to the electromagnet. Since the torques of the two forces now must be equal, one has F, 0: I. Thus, the lateral force, F.Jx), produced by the superconductor can be found by measuring the current in the coil. Note that since the pendulum remains fixed, these measurements are performed with a constant vertical distance.
For optimal performance, the system is fully computerized so that the control action of the coil current is automatically updated. More details about the design, instrumentation, and operation of this apparatus can be found elsewhere. " The magnet close to the sample was 9 mm long and had a square cross section of 2 X 2 mm2, Figure 1 shows the orientation of the magnet, which was polarized parallel to the x direction. A Hall probe gave 1.3 kG for the field intensity at a point along the x-oriented symmetry axis 1 mm away from the poles.
The sintered sample of YBa,CusO, was shaped as a planar circular disk of 7 mm thickness and 70 mm diameter. The superconducting material, which has a density of 90% of the theoretical value and T, = 90 K, was provided by Kali-Chemie Aktiengesellschaft, Hannover, West Germany.
All the experiments started by cooling the sample when it was placed far below the magnet. In this way essentially no flux was frozen into the superconductor initially. The movable table was then lifted so that the distance from the sample top surface to the lower side of the magnet was 1.0 mm.
Curve 1 in Fig. 2 shows the observed lateral force as a function of unidirectional horizontal displacement covering a total of 6 mm. The force, which is restoring in its nature, rises very steeply during the first small fraction of a millimeter. As the displacement increases the slope decreases monotonically, and the curve approaches asymptotically a plateau. The force reaches 90% of its saturation value, 5.1 mN, after 1.8 mm displacement. The behavior was independent of the starting point of the motion as long as the magnet was held away from the edge of the sample.
We find that the overall profile of the curve is quite similar to the behavior predicted by Davis.* These calculations are based on Bean's critical-state model, and assume a magnet of infinite length in the transverse y direction. They give the following expression for the lateral force per unit length of the magnet a.o~,....,,;.,,.,.,,.l (2) and (3) show the theoretical force behavior for the cases Ho(x) = H,,(O)/( 1 + X2) and H,(X) = H&0)/( 1 + XL) ', respectively. y= -2 [&O) -Jr, dx '(Ho(x~-x) aw; x-&x'i+f$(x'-x)~(x~) .
II (1)
Here He(x) is the tangential field distribution at the surface of the superconductor, and J, is the effective critical current density. As suggested by Davis, the case of a magnet polarized parallel to the lateral displacement can be well approximated using the simple profile
which corresponds to the field a distance h away from a straight wire carrying a current. Very recently, Yang et al." found the analytical solution for this force
For comparison, this function has been plotted in Fig. 2 , curve 2, using h =: 2 mm, equal to the distance from the superconductor surface to the center of the magnet. It is evident that the theoretical curve rises much more slowly than the observed behavior. One possible cause for this discrepancy is the choice of model for the field profile. It is clear that with Ho falling off with x more quickly than described by Eq. (2) it is possible to get a steeper initial slope in the force. Indeed, we have solved the force integral numerically for many such field distributions, however, without being abIe to reproduce the experimental behavior. As an example, curve 3 of Fig. 2 shows the force for the case Ho(x) = He(O)/( 1 +X2)3, which describes to a good approximation the decay of the field produced by an infinite line of transversely polarized dipoles. The resulting increased initial slope has the additional effect of driving the force to a saturation at a too small displacement.
From Eq. (1) it follows that the saturation force is given by I;psaf= -pow&w4J,1Ly,
a result that is independent of the particular choice of the field distribution. In order to estimate this saturation value we use J, = 100 A/cm2 and a maximum surface tangential field of 1 kG. Equation (4) then gives a force of 1.6 N, which is almost three orders of magnitude larger than the observed pXaa'. From this discussion it is clear that Davis' model does not give a satisfactory quantitative description of the force measurements reported in this work. The reason for this we believe is the large current penetration depth So(x) = iYO(x)/Jc in materials with low Jc In fact, using the same numerical values as above one finds a maximum depth of ho(O) = 8 cm, i.e., more than ten times the thickness d of the sample. As pointed out by Davis, in such cases the basis of his calculations is no longer valid. However, if one assumes that the saturation force is monotonically increasing with the surface field also when S,(O) > d, one can use the model to estimate a lower bound for pXaa'. The result of Eq. (4) is applicable for fields up to H,(O) = Jd. One therefore expects the saturation force to satisfy I Z' I >,uoJ$i3LJ4.
In our case, the lower bound amounts to 1 mN. Thus, the present measurements are not inconsistent with Davis' theory- The magnetic stiffness associated with the lateral interaction is defined by k,, = dF,/dx.
It is a dynamic quantity that governs oscillatory types of motion. If the lateral force were reversible, k,, would simply equal the slope of the force-displacement curve. However, earlier measurements1'10 have shown that major loops in lateral displacement, are highly hysteretic. The determination of the stiffness therefore requires separate experiments.
In this work, the stiffness measurements were performed by letting the unidirectional motion of the sample regularly be interrupted by periods of 0.1 mm backwards motion. The resulting behavior of the force is shown in Fig. 3 .
We observe that as the motion is reversed the force decreases very quickly. Then the displacement again is set forward, the force reversibly returns to the point where the reversal started. These experiments clearly demonstrate that the slope of these reversible lines remains constant, independent of how far from the origin the minor loop takes place. The lateral stiffness kX,(x), taken as these slopes, is therefore independent of the displacement. This surprising result is quite different from the behavior of the analogue quantity for the vertical direction, k,(z), which depends strongly upon the separation z.~,~
We do not at present have an explanation for why the lateral stiffness is invariant. We believe, however, that this result is of considerable significance, both from a theoretical as well as practical point of view. To improve our understanding of the lateral interaction more experimental information about its characteristics is needed. A series of investigations is ongoing in our laboratory.
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